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Three kinds of humidity sensors were fabricated from WO3–SnO2 composite hollow nanospheres (WO3–
SnO2 HNS), WO3 nanoparticles (WO3 NPs) and SnO2 nanoparticles (SnO2 NPs). WO3–SnO2 HNS were
prepared by a facile hydrothermal process with a diameter and thickness of about 550 nm and 30 nm,
respectively. Temperature-dependent properties of as-prepared humidity sensors were investigated at
various values of relative humidity and temperature. It was found that the WO3–SnO2 HNS humidity
sensor showed good performance at 80 C. The response time, recovery time and sensitivity were
evaluated while switching the humidity between 35% RH and 98% RH. The response time decreased
from 289 to 29 s, the recovery time reduced from 22 to 8 s, and the sensitivity changed from 16.2 to
11.4 as the work temperature was raised from 24 to 80 C. An opposite humidity sensing phenomenon
was observed between WO3 NPs and SnO2 NPs at a high temperature, which might explain the
temperature-dependent properties of the WO3–SnO2 HNS humidity sensor. This work could stimulate a
right approach to design practical humidity sensors with high sensitivity, long stability and fast response.1. Introduction
Humidity sensing plays an important role inmany areas of daily
life, such as environmental moisture, automotive, medical,
semiconductor, meteorological and food processing indus-
tries.1,2 Nanostructure metal oxides have been commonly used
for the construction of humidity sensors due to their superiority
in terms of stability and the ability to avoid degradation, high
response and broad range of operation.3–6 Although many
oxides have been investigated for humidity sensor develop-
ment, further research is still required to optimize the sensor
characteristics, e.g. sensitivity, hysteresis, stability and
response/recovery times.7 Many semiconductor hetero-contact
systems, such as TiO2–ZnO,7 TiO2–SnO2,8 TiO2–Al-doped ZnO,9
and ZrO–SnO2,10 were reported to have enhanced sensitivity and
less hysteresis than pure components since one material is
responsible for fast adsorption and the other for fast desorp-
tion. Nevertheless, to the best of our knowledge, almost all
ceramic materials used currently for fabricating humidity
sensors work at room temperature. Thus, the water vapour
adsorbed on the material surfaces inevitably cannot be
completely desorbed inevitably, which gives rise to hysteresis
and instability. An integral heater is frequently required tote of Micro-Nano Science and Technology,
l: thwang@xmu.edu.cn; Fax: +86-0592-
nic Devices of Ministry of Education, State
nd Chemometrics, Hunan University,
4–6862periodically regenerate ceramic sensors and recover the
humidity-sensitive properties that characterize a virgin sensor.11
In addition, in many applications, for instance, industrial
drying, food processing, metallurgical processes and high-
temperature operating machines, humidity sensors that can
work at high temperatures are required.
SnO2 is a versatile semiconductor material which is
commonly used in gas sensors and has a good sensitivity to
relative humidity at low temperatures.12–14 On the other hand,
owing to its distinctive properties, WO3 has been used to
construct ‘smart-windows’, anti-glare rear-view mirrors of
automobiles, non-emissive displays, optical recording devices,
solid-state gas sensors, humidity and temperature sensors,
biosensors, photonic crystals and so forth.15 Further, WO3 was
reported to have high hydrophilic properties among metal
oxides16 and has been widely investigated for applications in the
eld of humidity sensing.17,18 Therefore, their combination is
expected to exhibit novel properties in gas sensors, such as
tunable sensitivity and a wide operating temperature range.
Ling and Leach have reported that even at 300 C, relative
humidity affects the sensitivity of a gas sensor based on the
WO3–SnO2 heterojunction.19 Moreover, tungsten oxide–tin
oxide nanocomposites have been prepared to research the gas
sensing properties of NO2 and ethylene,20,21 but the fabrication
process is complicated and harsh.
In this work, we fabricated WO3–SnO2 HNS using a simple
one-step hydrothermal reaction. More interestingly, the nano-
materials obtained aer annealing have a hollow structure,
which is required for gas sensors, and many studies on theThis journal is © The Royal Society of Chemistry 2014
Fig. 1 Schematic representation of the humidity sensors.












































View Article Onlinesuperior gas sensing properties of hollow structures have been
reported.22–24 Hollow micro/nanospheres exhibit an advantage
in terms of achieving both high sensitivity and fast response
because of high surface areas, low density, good permeation,
and less agglomerated congurations.25 The humidity sensor
based on WO3–SnO2 HNS exhibited excellent humidity activity
in contrast to pure SnO2 and WO3 NPs synthesized using the
same method. In spite of this, the temperature-dependent
properties of humidity sensors were researched. Compared with
the characteristics at room temperature, better humidity prop-
erties of WO3–SnO2 HNS at high temperatures were demon-
strated. This work will pave the way to the development of
promising practical humidity sensors.
2. Experimental details
2.1. Synthesis of materials
WO3–SnO2 HNS were synthesized using a facile hydrothermal
method followed by calcination. In a typical experiment,
1 mmol Na2WO4 was put into 50 mL of deionized water while
stirring to form a homogeneous solution. Subsequently, 0.5
mmol Na2SnO3 and 5 g of glucose were introduced into the
above homogeneous solution while continuously stirring the
solution for several minutes. Aerwards, the homogeneous
solution was transferred to a Teon-lined stainless steel auto-
clave with a capacity of 100 mL. Then, the autoclave was sealed
and heated in an oven at 200 C for 20 h. Aer naturally cooling
to room temperature, the solid products were subjected to
centrifugation, washed with distilled water and ethanol several
times, and nally dried in air at 60 C. In the next step, the as-
prepared dry products were annealed in a Muffle furnace at
500 C for 2 h in air. SnO2 NPs and WO3 NPs were prepared for
comparison by using the same method. For the preparation of
SnO2 NPs, 1.5 mmol Na2SnO3 and 5 g of glucose were added to
50 mL of deionized water to form a homogeneous solution
while stirring, and then, the products were obtained by
following the above mentioned steps. Further, to obtain WO3
NPs, 1.5 mmol Na2WO4 and 5 g of glucose were required.
2.2. Characterization of materials
X-ray powder diffraction (XRD) data of the as-synthesized
materials were collected on a Philips X'Pert pro diffractometer
by using Cu-Ka radiation at 40 kV and 30 mA. Scanning electron
microscopy (SEM) images were recorded on a Hitachi S4800
scanning electron microscope. The transmission electron
microscopy images (TEM) and energy dispersive spectra (EDS)
were obtained using JEOL JEM-2100.
2.3. Fabrication and measurement of humidity sensors
The humidity sensors were fabricated through the procedures
similar to the fabrication method of general gas sensors.26 A
schematic representation of the humidity sensors is shown in
Fig. 1. In a typical experiment, a small amount of the sensor
material powder was mixed with terpineol to form a paste and
then coated uniformly onto the outside surface of an alumina
tube. A small Ni–Cr alloy coil was placed through the tube as aThis journal is © The Royal Society of Chemistry 2014heating resistor which could supply operating temperatures as
high as 500 C. Electrical contacts were made with two Pt wires
attached to each gold electrode. The various humidity environ-
ments were obtained by using LiCl, NaBr, NaCl, KCl, and K2SO4
saturated solutions. These saturated solutions corresponded to
about 11%, 59%, 75%, 85%, and 98% RH, respectively. The
sensitivity was dened as (S ¼ RRH/Rair, RRH > Rair) or (S ¼ Rair/
RRH, Rair > RRH), where RRH and Rair denote the resistance of the
sensors in detecting humidity environments and air, respec-
tively. The response time is dened as the time required for 90%
increment in conductance when the humidity sensors are
introduced into the specied humidity environment from the
air. And the recovery time is the time required for 90% reduction
in conductance when the sensor is reintroduced into the air. The
ambient humidity was about 35%, and the temperature was 24
C. The response of the humidity sensors was measured by
monitoring the variation of the DC conductance.3. Results and discussion
Fig. 2 shows the XRD patterns of the as-synthesized WO3–SnO2
HNS, SnO2 NPs and WO3 NPs. All diffraction peaks of the lower
XRD pattern can be indexed as tetragonal SnO2, indicating high
purity of the products. Similarly, the middle XRD pattern
coincides well with monoclinic WO3. Further, the uppermost
XRD pattern corresponds to the WO3–SnO2 composites. It can
be observed that all the peaks of the composites can be found in
the monoclinic WO3 and tetragonal SnO2 XRD patterns. More-
over, all the peaks of tetragonal SnO2 and the highest three
peaks of monoclinic WO3 are preserved. This agreement of XRD
patterns can be attributed to the synthesis conditions of the
single-component nanomaterials and the nanocomposites
being identical.
The morphology and structure of the as-prepared products
were investigated by SEM. The overall morphology of WO3–SnO2
HNS is shown in Fig. 3a, indicating that the samples are
composed of a large number of nanospheres with good mono-
dispersity, and all nanospheres are roughly uniform and
spherical. More details can be seen in the high-magnication
image. The hollow spheres are composed of many small crystal
particles assembled together, and the average diameter of the
spheres is about 550 nm, as shown in Fig. 3b. SEM observations
also reveal the broken sites and exposed hollow interiors of
the nanospheres, which provide direct evidence that theJ. Mater. Chem. A, 2014, 2, 6854–6862 | 6855
Fig. 2 XRD patterns of SnO2 NPs, WO3 NPs and WO3–SnO2 HNS
(references from ICDD database).












































View Article Onlinenanospheres have a hollow structure. Fig. 3c and d present
typical SEM images of as-synthesized SnO2 NPs with diameters
ranging from 15 nm to 20 nm. The morphology of WO3 NPs is
shown in Fig. 3e and f. It can be seen that WO3 NPs with
irregular sizes and shapes aggregate heavily.
The hollow structure of WO3–SnO2 HNS was further inves-
tigated by using TEM. Fig. 4a and b show the low- and high-Fig. 3 (a and b) SEM images of WO3–SnO2 HNS. A small opening in the s
SnO2 NPs. (e and f) SEM images of WO3 NPs.
6856 | J. Mater. Chem. A, 2014, 2, 6854–6862magnication TEM images, respectively. The hollow interior of
the nanospheres can be conrmed by the contrast between the
dark edges and the pale centre, as shown in Fig. 4a. As shown in
Fig. 4b, the rough surface of the nanospheres can be clearly
observed, and many spots with clear contrast are observed in
the central area, suggesting that hollow nanospheres consisted
of primary nanocrystals. The corresponding SAED pattern (inset
in Fig. 4b) conrms that the nanospheres are polycrystalline
structures in nature. The composition of the nanospheres was
examined using an energy dispersive X-ray spectrometer (EDS).
As shown in Fig. 4c, only three elements, O, W, and Sn, are
identied in this spectrum. The high-resolution TEM (HRTEM)
images shown in Fig. 4d and e indicate that the primary
nanoparticles are highly crystalline. The lattice distances of
0.335 nm and 0.342 nm indicated in Fig. 4d agree with the (110)
lattice plane of tetragonal SnO2 (0.335 nm) while the lattice
distance of 0.358 nmmarked in Fig. 4e corresponds to the (200)
crystalline plane of anorthic WO3 (0.365 nm). Fig. 5 shows the
adsorption and desorption isotherms. The corresponding Bru-
nauer–Emmett–Teller (BET) surface area is 49.850 m2 g1, and
the average pore size is 1.42 nm.
The evolution of hollow nanospheres by the self-assembly of
the WO3 and SnO2 nanoparticles can be postulated as the
schematic shown in Fig. 6.27 It can be recognized that both the
WO3 and the SnO2 precursors contribute to the formation ofhell wall of a sphere has been indicated clearly. (c and d) SEM images of
This journal is © The Royal Society of Chemistry 2014
Fig. 4 (a and b) TEM images of WO3–SnO2 HNS. (c) EDS pattern of WO3–SnO2 HNS. (d and e) HRTEM images corresponding to SnO2 NPs and
WO3 NPs of the nanospheres, respectively.












































View Article Onlinethe hollow structure since any one of them alone cannot achieve
this effect by using the same synthesis method. The formation
mechanism of the hollow sphere products is most likely asso-
ciated with the property that WO3 hollow structures can be
obtained by using a one-pot hydrothermal process when an
appropriate concentration of Na2WO4 reacts with glucose at
200 C.28 Further, in this experiment, Na2SnO3 may control the
hydrolysis degree of Na2WO4 because of its alkaline nature. The
inuence of the concentration of Na2SnO3 on themorphology of
nanocomposites was investigated. Fig. 7 shows the SEM images
and XRD patterns of nanocomposites synthesized by using
different amounts of Na2SnO3 and 1 mmol Na2WO4. As shownThis journal is © The Royal Society of Chemistry 2014in Fig. 7a, when the reaction was carried out with 0.2 mmol
Na2SnO3, a small number of nanospheres coexisted with irreg-
ular aggregates of nanoparticles. As the amount of Na2SnO3 was
increased to 0.5 mmol, the obtained product consisted of large
nanospheres, as shown in Fig. 7b. However, particle aggregates
without an orderly shape were collected when the amount of
Na2SnO3 increased to 1 mmol, as shown in Fig. 7c. In addition,
the crystal structure and composition of the products with
different added amounts of Na2SnO3 were investigated by X-ray
diffraction. When the added amount of Na2SnO3 was only 0.2
mmol, strong peaks of anorthic WO3 appeared along with the
peaks of tetragonal SnO2. Interestingly, the characteristic peaksJ. Mater. Chem. A, 2014, 2, 6854–6862 | 6857
Fig. 5 Nitrogen adsorption and desorption isotherms for WO3–SnO2
HNS.
Fig. 6 Schematic representation of the synthesis mechanism of
WO3–SnO2 HNS.












































View Article Onlineof monoclinic WO3 weakened when the amount of Na2SnO3 was
increased to 0.5 mmol, and nearly disappeared when the
amount of Na2SnO3 reached 1 mmol, as shown in Fig. 7d. ThisFig. 7 SEM images and XRD patterns of WO3–SnO2 HNS nanocomposite
(c) 1 mmol, and (d) XRD patterns.
6858 | J. Mater. Chem. A, 2014, 2, 6854–6862observation indicates that Na2SnO3 plays an important role in
controlling the formation of WO3.
Humidity sensing performance was measured in ambient air
at room temperature with 35% RH. The response and recovery
of three kinds of humidity sensors at 98% RH are shown in
Fig. 8a. It was found that the conductance of the sensors
increases gradually with increasing humidity. The sensor based
on WO3–SnO2 HNS showed a higher sensitivity than the other
two kinds of humidity sensors. This improved sensitivity was
attributed to the greater number of active sites provided by the
high surface areas of the hollow spheres.20,25,29 However, the
response time was 289 s, and the recovery time was 22 s, as
shown in Fig. 8b. Moreover, the equilibrium conductance of the
humidity sensor when the humidity was decreased from 98%
RH to that of air changed by about 50% as compared to the
initial conductance. The instability of the humidity sensor
resistance would cause deterioration of sensor accuracy. All
these properties are determined by the sensingmechanism. At a
low temperature, when the sensing material is exposed to
humidity, water molecules can chemisorb on the available sites
by forming hydrogen bonds with the oxygen atoms of the oxide
surface. At low humidity, aer the rst layer of water molecules
is adsorbed on the surface, a dissociative mechanism leads to
the formation of a hydroxyl ion (OH) and a proton (H+).18 With
increasing humidity, further physisorbed layers are formed,
then H+ ions can move freely in the physisorbed water accord-
ing to the Grotthuss's chain reaction.30,31 However, the adsorp-
tion and desorption of water molecules are slow processes at a
low temperature.
To improve the humidity sensing properties, temperature-
dependent measurements were conducted. As the workings with different added amounts of Na2SnO3. (a) 0.2 mmol, (b) 0.5 mmol,
This journal is © The Royal Society of Chemistry 2014
Fig. 8 Characteristics of the humidity sensors at room temperature. (a) Response and recovery of the three types of humidity sensors for
humidity values ranging from air (35% RH) to 98% RH. (b) Response and recovery of a typical humidity sensor based on WO3–SnO2 HNS.












































View Article Onlinetemperature was raised from 24 to 40 C, both the SnO2 NPs and
the WO3 NPs showed weak response to 98% RH, as shown in
Fig. 9a and b. Such behaviour is in good agreement with the
reported results,32 which is mainly due to the fact that 40 C is
considered to be the desorption temperature of physically
adsorbed water on SnO2. In contrast, the WO3–SnO2 HNS
exhibited good performance at a relatively high temperature,
and its optimum operating temperature was about 80 C, as
shown in Fig. 9c. The improved performance can be attributed
to the large active area of the hollow structure for gas adsorp-
tion. At a relatively high temperature (40–100 C), the decreaseFig. 9 Temperature-dependent properties of the three kinds of humidity
(b) WO3 NPs, and (c) WO3–SnO2 HNS. (d) Resistance variation characteri
This journal is © The Royal Society of Chemistry 2014in sensor resistance with increasing RH is caused by the
competitive adsorption between H2O and adsorbed oxygen
species (O2, O, etc.) as well as the desorption of the adsorbed
oxygen species and release of free electrons,33 as illustrated in
Fig. 10a.
When the temperature was further increased to more than
100 C, the conductance of the SnO2 NPs increased and the
sensors exhibited a stable response. A peak appeared in the
conductance curve at 100 C or 120 C. It is difficult to explain
what kind of physical–chemical change occurred on the surface,
but it is thought that the peak response was caused by thesensors for humidity between air (35% RH) and 98% RH. (a) SnO2 NPs,
stic of WO3–SnO2 HNS along with temperature at different RH values.
J. Mater. Chem. A, 2014, 2, 6854–6862 | 6859
Fig. 10 Schematic representation of the sensing mechanism of the
WO3–SnO2 HNS humidity sensor. (a) H2O molecules and oxygen
species competitive adsorption model for humidity sensor working at
a high temperature. (b) Energy band structure of the WO3–SnO2 HNS
under different temperature and humidity conditions.












































View Article Onlineadsorption or desorption of H2O.33 However, the phenomenon
was quite different for WO3 NPs. At a temperature above 100 C,
sensor conductance decreased with increasing RH, as shown in
Fig. 9b. At a high temperature (100–500 C), water molecules
can react with a Lewis acid site (Sn) and a Lewis base site (O) on
the SnO2 surface and then release electrons.13 This probably
accounts for the characteristic of SnO2 NP humidity sensor
operating above 100 C. The mechanism can be described by.34
H2O
gas + SnSn + OO 5 (SnSn
d+  OHd) + (OH)O+ + e (1)
Further, the opposite feature is suggested to be the result of
catalytic reactions of the gas-phase water at the surface of
WO3.15,35 As shown in Fig. 11, in the catalytic reaction, waterFig. 11 Schematic representation of surface water conversion on
WO3.
6860 | J. Mater. Chem. A, 2014, 2, 6854–6862molecules rst physically adsorb on W lattices, and then, H+ of
the adsorbed water is reduced with decreasing surface electron
density of WO3. With increasing RH, more water would be
adsorbed on the oxygen vacancy site, and then be reduced,
leading to a decrease in the conductance. Further, in the case of
the WO3–SnO2 HNS humidity sensor, the sensitivity decreased
with increasing temperature, and the conductance gradually
decreased in the case of 98% RH, as shown in Fig. 9c. Such a
phenomenon can be explained by considering the combined
effect of WO3 and SnO2.
Fig. 9d shows the temperature dependence of the WO3–SnO2
HNS humidity sensor at various values of RH. Even at the low
humidity of 11% RH, the humidity sensor showed an increase
in resistance as the temperature was raised from 24 to 40 C.
This probably showed that much water was adsorbed. It should
be noted that the sensor exhibited much higher stability against
high temperature under high humidity.
The double Schottky diode model is proposed to obtain good
understanding of the performance of the WO3–SnO2 HNS
humidity sensor. Since the bandgaps of WO3 and SnO2 at
room temperature are about 2.7 eV and about 3.6 eV, respec-
tively,36,37 the work function of WO3 (4.41 eV) is slightly greater
in comparison to that of SnO2 (4.18 eV);38 the energy
band structure of the hetero-contact might be congured as
























denotes the current–voltage rela-






Richardson constant; q, the unit electronic charge; k, the
Boltzmann constant; T, the absolute temperature; and V (V ¼ V1
+ V2), the voltage applied to the barrier. According to eqn (2), the
current owing through the WO3–SnO2 heterojunction is
determined by the factors of temperature and the height of the
electrostatic grain boundary barriers of both WO3 and SnO2.
Below 100 C, the barrier height for either WO3 or SnO2
decreases with increasing humidity due to the increase in the
electron density on the surface. However, at temperatures above
100 C, the barrier height of WO3 increases because of the
catalytic reaction. Further, it has a negative effect on the
sensitivity of the humidity sensor. However, it can be speculated
that when the humidity sensor operates at a sufficiently high
temperature, extremely little physical adsorbed water can cover
the surface; thus, the catalytic reaction on the surface of WO3
becomes weak. Moreover, H2O reacts with both the W lattice
and the O lattice, as in the case of SnO2. As a result, the resis-
tance signicantly decreases, as shown in Fig. 9d. As we know,
high humidity offers high pressure of water vapour; therefore, a
higher temperature is required to observe a reduction in the
sensor resistance.
The dynamic response was measured to further investigate
the humidity properties of the WO3–SnO2 HNS sensor at theThis journal is © The Royal Society of Chemistry 2014












































View Article Onlinehigh temperature of 80 C. Fig. 12a plots the typical response
characteristics towards different RH values varying from 11% to
98% RH. It can be seen that the conductance changes rapidly
upon exposure to different RH values. With increasing RH, the
sensitivity increases signicantly. Fig. 12b shows the dynamic
characteristics at 98% RH for ve cycles. The sensitivity has very
slight variation, indicating the stability of the sensor working at
a high temperature.
To compare the sensing properties of the WO3–SnO2 HNS
sensor working at room temperature and 80 C, important
characteristics including stability, sensitivity, and response/
recovery time were investigated. Fig. 13a shows the equilibriumFig. 12 (a) Typical response curves of the WO3–SnO2 HNS sensor to va
80 C.
Fig. 13 Characteristic comparison of the WO3–SnO2 HNS sensor workin
humidity sensor when it was taken back to the air after testing under d
values. (c and d) Response and recovery times of humidity sensors again
This journal is © The Royal Society of Chemistry 2014conductance of the humidity sensor in air aer testing at
various RH values. The equilibrium conductance increased
when the sensor was taken from higher RH atmosphere to air,
and decreased when it was taken from lower RH atmosphere to
air, indicating serious hysteresis working at room temperature.
However, when the sensor operated at 80 C, the equilibrium
conductance was nearly constant. The ratio of adsorption and
desorption of water molecules on the oxide surface is controlled
by temperature.29 The sensitivity at 80 C did not signicantly
decrease compared to that at room temperature, as shown in
Fig. 13b. Further, working at 80 C, the sensor showed fast
response and rapid recovery at high humidity, as shown inrious RH values at 80 C. (b) Dynamic responsive curves to 98% RH at
g at room temperature and 80 C. (a) Equilibrium conductance of the
ifferent relative humidity conditions. (b) Sensitivity against various RH
st various RH values.
J. Mater. Chem. A, 2014, 2, 6854–6862 | 6861












































View Article OnlineFig. 13c and d. This may result from fast adsorption and
desorption of water molecules at high temperatures. However,
at 11% RH, the sensor showed a longer recovery time at 80 C.
This is probably because in low humidity atmospheres, O2
 is
strongly bonded with the surface, and can only be replaced
slowly by water molecules.41
4. Conclusions
In summary, we developed a facile and green method for the
synthesis of WO3–SnO2 HNS. The test results show that the as-
prepared hollow spheres exhibit excellent humidity sensing
properties at high temperatures as compared to SnO2 NPs and
WO3 NPs synthesized by the samemethod. The humidity sensor
can stably work at temperatures as high as 80 C. The response
time decreased from 289 to 29 s, and the recovery time reduced
from 22 to 8 s at 98% RH as the work temperature was raised
from 24 to 80 C. The excellent performance of the WO3–SnO2
HNS sensors at high temperatures indicated an approach to
develop novel semiconductor humidity sensors with high
performances.
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